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It  is  vitally  important  to  accurately  measure  the  field  components  of  a  simulated  elec¬ 
tromagnetic  pulse  (EMP).  to  determine  both  the  waveshape  and  the  amplitude  of  the 
electromagnetic  test  environment.  A  parallel  plate  transmission  line  is  used  to  calibrate 
a  magnetic  field  sensor  as  well  as  to  determine  the  field  enhancement  factor  when  the 
sensor  is  mounted  on  the  compact  transmitter  of  an  optical  electronic  data-link  system. 
The  transmitter  is  coupled  to  the  recording  instrumentation  by  means  of  a  fiber-optic 
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1.  BSTRODUCnON 

It  is  vitally  important  to  accurately  measure  the 
field  components  of  a  simulated  electromagnetic 
pulse  (EMP),  to  determine  both  the  waveshape  and 
the  amplitude  of  the  electromagnetic  test  environ¬ 
ment.  Significant  improvements  in  the  techniques 
used  to  measure  the  field  components  have  not 
been  forthcoming  in  recent  years. 

In  this  report  is  discussed  the  use  of  a  parallel 
plate  transmission  line  to  determine  the  calibration 
and  response  of  the  magnetic  field  sensors  de¬ 
signed  by  the  Stanford  Research  Institute  (SRI). 
Al33  discussed  is  the  field  enhancement  factor 
when  'the  sensor  is  mounted  on  the  compact 
transmitter  of  an  optical  electronic  data-link 
system.  The  transmitter  is  coupled  to  the  recording 
instrumentation  by  means  of  a  fiber-optic  cable 
rather  than  an  rf  cable,  thus  eliminating  a  spurious 
signal  pickup  source. 

2.  TRANSMISSION  UNES 

2. 1  Physical  Dimensions  and  Impedance 

A  transmission  line  (see  fig.  1)  was  constructed 
at  the  Woodbridge  Research  Facility  of  Harry 


Diamond  Laboratories  (HDL).  The  line  was  18  m 
long,  tapered  in  width  and  height  at  both  ends,  with 
a  working  volume  at  the  center  of  2.0  m  wide  by  0.8 
m  high.  The  line  was  constructed  so  that  the 
calculated  impedance  would  be  102  ohms.  Time- 
domain  reflectometry  measurements  of  the  line 
showed  the  impedance  to  be  approximately  90 
ohms,  and  this  value  was  used  as  the  termination 
resistance.  The  transmission  line  was  repetitively 
pulse  driven  by  an  HDL-built  mercury  reed  pulser, 
discharging  a  1  /is  coaxial  line  which  had  been 
charged  to  2  kV.  The  impedance  mismatch  at  the 
drive  point  was  minimized  by  the  use  of  an 
unbalanced  50-  to  90-ohm  resistive  pad.  The  pulse 
applied  to  this  pad  had  a  rise  time  of  less  than 
0.2  ns  (10  to  90%)  and  a  peak  level  of  1  kV  into 
50  ohms. 


2.2  Drive  Voltage  and  Field  Calculations 

The  current  and  the  voltage  at  both  the  termin¬ 
ation  and  input  were  observed  and  recorded  and 
the  voltage  at  the  working  volume,  Vi^,  was  found 
by  measurement  to  be  370.0  V.  The  instrument 
used  to  record  the  data  was  a  Tektronix  7904 
mainframe  oscilloscope  with  a  7A19  vertical 
amplifier  and  7B92  time  base.  The  electric  field  is 
calculated  to  be 


0.8  m 


SIDE 


Figure  1.  Parallel  plate  transmissioa  line. 
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463.0  V/m  . 


where 


Xk 

h 


370.0  V 
0.8  tn 


and  the  magnetic  Held  is 


H,=  Z'T  =  1-23  A/m 
120  TT  ohms 


H  *  magnetic  field  in  amperes/meter  , 
Vl  ■=  line  voltage,  in  volts  (370.0)  , 

Zo  =  line  impedance,  in  ohms  (90.0)  , 


2.3  Magnetic  Field  Measurements 
with  B-Dot  Sensor 

The  magnetic  field  within  the  transmission  line 
was  observed  and  recorded,  using  an  EG&G  B-dot 
sensor  (1VIGL-2BR),  balun  (DLT96),  and  l-jus  inte¬ 
grator  (RCI- 1 B).  Using  a  derived  calibration  factor,' 
the  measured  field  was  found  to  be  1.19  A/m  or 
449.0  V/m.  This  value  is  3  percent  less  than 
calculated.  This  measurement  was  made  with 
the  axis  of  the  B-dot  sensor  12.7  cm  above  the 
lower  plate  of  the  transmission  line.  A  second 
measurement  with  the  B-dot  sensor  elevated  to 
50.8  cm  yielded  an  H-field  value  of  1.35  A/m, 
which  is  10  percent  higher  than  calculated.  The  H- 
field  was  observed  and  recorded  as  the  B-dot 
position  was  varied  from  a  height  of  12.7  cm  to  a 
height  of  72.4  cm  in  1 1  steps.  The  sensor  output 
was  observed  to  increase  with  height.  At  the 
equidistant  point  between  the  two  plates,  the  field 
was  observed  to  be  1.27  A/m,  or  3  percent  higher 
than  calculated. 

It  was  observed  that  calculating  the  magnetic 
field  using  the  SRP  formula  given  below  did  not 
agree  with  the  above-measured  values  or  with  the 
calculated  value  determined  from  the  measured 
line  voltage.  Using 


APACHE  SPG/mirSDtf  Umr  HvMook.  Affodi*  DifTtu 
AFACHS EMP  Ti$l  Stritt  eontr9e$DNA0Ol' 

78^-0144  (Mty  197% 

^AC.  TVlipfrrf  ct  SMF hutntnuitmim  Dtptitpmtnt,  Itmtvth 

comet  DAAK08-49^-0674  fjmne  J97J}.  SS4S.4A46. 


W  =  line  width,  in  meters  (2.0)  , 

yields  a  value  of  2.06  A/m.  This  is  1.62  times 
greater  than  the  field  determined  with  the  B-dot 
sensor,  and  is  due  to  the  fringing  fields  at  the  edge 
of  the  line,  causing  the  effective  width  of  the  line  to 
be  greater  than  2.0  m. 

Using  a  formula  (eq  A-6)  derived  in  appendix  A, 
we  see  that  the  efiective  width-to-height  ratio 


(W/D)ejir  =  =  4.2  , 

and  the  physical  width-to-height  ratio 


(W/OW  -  -  2-5  ■ 

u.o  in 

From  equation  (A-13),  the  calculated  field  is  1.68 
times  the  actual  field.  This  compares  with 
the  attained  value  of  1 .62  times  the  measured  field. 


2.4  Electric  Field  Measurements 
with  D-Dot  Sensor 

The  electric  field  of  the  transmission  line  was 
monitored  with  an  EG&G  D-dot  sensor  (HSD-2A) 
and  was  observed  to  have  a  value  of  452.0  V/m. 
This  is  within  3  percent  of  the  B-dot  measured  and 
the  calculated  value. 
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3.  MAGNETIC  FIELD  SENSORS 

3.1  Sensor  Catibration 

The  short-circuit  current  for  the  magnetic  field 
sensor  that  is  mounted  on  the  optical  transmitter 
is 

I  =  kH  i*HH  .  (2) 

where 

kj]  =  enhancement  factor  , 
icH  =  effective  length  of  short-circuited  loop  , 

and 

% 

H  =  field  in  which  sensor/transmitter  is  immosed. 

Since  the  transfer  impedance  of  the  Tektronix 
CT-2  curent  probe  is  1  ohm,  the  above  equation 
can  be  written 

V-  (3) 

Rewritting  equation  (3),  we  have  the  calibration 
factor  in  the  form 


The  calibration  factors  for  the  H-field  sensors 
were  obtained  by  inserting  them  in  the  working- 
volume  mounting  ring  and  coupling  their  outputs 
via  coaxial  cable  to  an  rf  shielded  oscilloscope.  The 
first  measurement  of  this  type  used  a  previously 
calibrated  sensor  (SN  H102)  from  the  HDL  Simu¬ 
lation  Branch.  The  recorded  output  of  this  sensor 
(see  fig.  3,  p8)  shows  a  very  fast-rising  pulse 
(V  <  1  ns),  an  aberration,  and  then  an  ultimate 
peak  of  26.0  mV,  averaged  through  a  sensor 
inherent  ringing.  This  level  of  the  pulse,  used  as  the 
sensor’s  response  to  the  calculate  1.23  A/m  mag¬ 
netic  field,  gives  poor  results  when  one  uses  the 
SRI  established  calibration  factor*  with  the  en¬ 


hancement  factor  removed.  The  enhancement  fac¬ 
tor  (1 .55)  was  introduced  by  Vance*  to  account  for 
the  field  perturbation  caused  by  the  cubical  metal 
box  on  which  the  sensor  is  mounted.  Removing  the 
enhancement  factor,  we  obtain  (0.0464  A/m/mV) 
(1.55)  =  0.0719  A/m/mV,  yielding  (0.0719 
A/m/mV)  (26.0  mV)  =  1.87  A/m,  which  is  ap¬ 
proximately  1.5  times  greater  than  calculated  or 
previously  measured.  If  however,  the  enhancement 
factor  is  not  removed,  then  the  field  obtained  is 
(0.0464  A/m/mV)(26.0  mV)  =  1.21  A/m,  which 
is  very  close  to  the  calculated  value.  It  was  also 
observed  that  if  the  very  early  time  amplitude  of 
the  pulse  (t  =  1  ns)  is  used,  the  enhancement 
factor  can  be  removed  with  more  favorable  com¬ 
parative  results,  since  at  t  =  1  ns,  the  peak 
amplitude  is  19.1  mV  (including  effects  of  cable 
loss).  We  obtain  (19.1  mV)(0.0719  A/m/mV)  = 
1.37  A/m,  which  is  11  percent  greater  than 
calculated. 

The  response  of  the  Hni  sensor  provided  by  the 
HDL  Communications  Survivability  Branch  was 
observed  and  recorded.  Table  1  (p  9)  shows  the 
linearity  of  this  class  of  sensor  through  the  range  of 
magnetic  field  variation  available  using  this  pulse 
source.  Included  are  columns  for  amplitude  and 
calibration  factors  at  both  1  and  10  ns  in  time. 
Figures  4  and  5  (p  10)  show  the  H-field  sensor. 

3.2  Sensor  Dynamic  Range 

The  dynamic  range  of  this  sensor  is  determined 
from  the  maximum  and  minimum  signals,  which 
can  be  faithfully  reproduced.  From  table  1  the 
minimum  signal  which  can  be  observed  is  ap¬ 
proximately  0.45  A/m  for  a  sensor  output  of 
10.0  mV  (at  t  =  10  ns).  The  maximum  signal  is 
determined  by  the  saturation  of  the  Tektronix 
CT-2  current  probe  used  in  this  sensor.  Calcula¬ 
tions  indicate  that  the  field  levels  which  could 
cause  saturation  are  considerably  above  the  levels 
of  interest  for  EMP  experimentation. 


C  Ti$pp0r  H  ml  CMP  tfutnsmmMipn  Develtpmtnt,  Bnotek 

huHfirtt,  cmtrmt  S>AAim2^%C4)674  (Jmitt  1972).  3S^  41;  Ml 

TtvkMeM  Ryoft  1 4ffn4iM  <4,  by  thtmreh  Imtituttftt  V.S. 

Army  JIMtfiiy  Epii^mni  AwmvcA  mtd  Dtpthpmtni  CtvMtr  (Jmmuary  1969^ 

(UCPET) 
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Figure  2.  Recorded  output  of  H*fieldien8or, 
H|||  (HDL  Commuoicationa  Survivability 
Branch  Senaor). 
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1  Ona/Div 

Figure  3.  Recorded  output  of  H'fieldaenao 
H|||  (HDL  Simulation  Branch  Senaor). 


TABLE  1 .  Hin  SENSOR  OUTPUT  VERSUS  APPLIED  MAGNETIC  FIELD 


PULSER 

DIAL(kV) 

H-nELD 

(A/m) 

SENSOR  OUT 
(mV)  t  =  1  ns 

SENSOR  OUT 
(mV)  t  =  10  ns 

1  ns 

A/M/mV 

10  ns 

0.5 

0.308 

4.25 

6.9 

0.0725 

0.0447 

1.0 

0.615 

8.5 

13.8 

0.0725 

0.0446 

1.5 

0.923 

12.7 

20.7 

0.0727 

0.0446 

2.0 

1.23 

18.0 

26.5 

0.0683 

0.0464 

2.5 

1.54 

21.2 

33.9 

0.0726 

0.0454 

3.0 

1.85 

24.4 

40.3 

0.0758 

0.0459 

Avg  = 

Avg  = 

0.0724 

0.0453 

3.3  Frequency  Response 

The  high-frequency  response  of  the  H-field  sen¬ 
sor  is  estimated  from  the  formula*  f;^  ^  0.35/t^ 
where  f^  is  the  upper  3-dB  cutoff  frequency  and  t^ 
is  the  time  to  rise  from  10  to  90  percent  of  the 
pulse’s  final  value.  The  result  is  as  follows  for  the 
sensor  checked. 

Hill  upper  3-dB  cutoff  frequency  (h  =  140.0  MHz.* 

A  small  transmission  line,  designed  and  con¬ 
structed  for  the  HDL  Scale  Model  Facility  in  order 
to  calibrate  small  sensors,  was  used  to  measure  the 
H-field  sensor  low-frequency  response.  This  200- 
cm-long  by  8.9-cm-high  tapered  line  (40.6  cm 
wide)  was  placed  over  the  sensor  mounting  ring  in 
the  working  volume  of  the  transmission  line.  BNC 
wall-mount  connectors  were  placed  in  the  lower 
plate  of  the  line  beneath  both  ends  of  the  small 
transmission  line  so  that  it  could  be  coaxially  fed 
and  terminated.  A  Tektronix  106  pulse  generator 
was  used  to  drive  this  small  line,  which  was 
actually  14  cm  above  the  lower  plate  to  accom¬ 
modate  the  H-field  sensor  height. 


DeWtard and 0.  L«xaruj,  Modem  Electronirn,  Addison^Wesley  (1966^ 

IS$. 

*  The  Hf/j  $etuor  ho$  t  pery  fo$l  initioi  ruetime,  6ui  rounds  off  neor  the  top  of 
the  pulse.  The  formula  does  not  oecount  for  the  very  fut  initiol  rioe^me. 


The  H]i]  sensor  response  to  a  5.0  jus  square 
wave  pulse  was  coaxially  coupled  to  the  recording 
instrument.  The  sensor  was  found  to  have  an  e-fold 
of  1.8  JUS.  The  low-frequency  3-dB  comer  for  this 
sensor  is  calculated  to  be^ 

^  ""  ~2itTa  “  (bilBKl-axlO*)  ’ 

which  is  in  good  agreement  with  the  SRI  value  of 
90  kHz. 

The  Hill  sensor  was  then  coupled  to  the  record¬ 
ing  instrumentation  using  the  fiber-optic  trans¬ 
mitter/receiver  (channel  2)  provided  by  the  HDL 
Communications  Survivability  Branch.  The  Hm/ 
channel  2  transmitted  data  show  the  low-frequency 
response  to  be  the  same  as  the  direct  (coaxially) 
coupled  response  of  88.5  kHz  (3  dB). 

3.4  Enhancement  Factor 

The  Hiii/channel  2  fiber-optic  transmitter  (a 
circular  cylinder  1 4.0  cm  high  by  1 1 .4  cm  diameter) 
combination  was  used  (as  a  ground  plane  sensor) 
to  observe  and  record  the  H-field  of  the  large 
transmission  line. 

The  Hiii/channel  2  combination  was  then 
raised  out  of  the  mounting  ring  so  that  one-half  its 


^8.  C.  T^ipprr  tl  oL  EUP  i/utrumeniation  Dnrtopmfnt,  Hetemnk 

Institute,  contrtet  DAAK02-69‘C’0674  (June  1972).  S5,  42,  44,  46. 
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length  was  above  the  lower  plate  of  the  line-  Steel 
wool  was  inserted  between  the  mounting  ring  and 
the  fiber*optic  transmitter  case  to  maintain  contact. 
The  image  of  the  sensor /transmitter  was  formed  by 
the  lower  plate,  and  the  incident  field  effectively 
illuminated  the  entire  cylindrical  structure.^  This 
technique  was  used  to  eliminate  spurious  coupling 
from  the  sensor/transmitter  to  the  bottom  plate. 

The  results  showed  no  measurable  difference  in 
sensor  output  voltage  when  the  sensor/transmitter 
was  raised.  This  implies  that  the  enhancement 
factor,  kn,  equals  one. 

The  free-space  calibration  factor*  of  the  Hm 
sensor/transmitter  is  then  (see  table  1), 

H  ^  0.0453  A/m^  =  0.0453A/m/mV. 
V  1.0 

This  is  an  average  calibration  factor  for  use  at  times 
greater  than  10  ns. 

4.  CONCLUSIONS 

The  following  conclusions  can  be  made  from 
the  findings  of  this  report. 

a.  The  use  of  the  SRI*type  sensors  with  an  optical 
system  represents  a  definite  improvement  in 
field  measurement  technology. 

b.  The  SRI  calibration  factor  given  in  their  report* 

^B.  C.  Tupper  «t  ah  EMP  IrutrumenMien  Devehpment,  Stanford  Rt$earch 
Jnttitute,  contract  DAAK02-69-C’0674  (June  1972).  35,  42.  44,  46. 

W.  Sauman  et  al,  Ekctremagnetic  Scatteringfrom  a  Conducting  Pott,  Air 
Force  Weapone  Laboratory  Sentor  and  Simuiation  Noteo,  Note  45  (June  1967). 
45-19. 

*  TTie  u$e  of  free-epace  coiibration  factor  reguirts  the  actuai  seneor  output 
voltage.  Thit  ie  obtairted  by  taking  into  account  the  overaUfiber-optic  eysiemgain. 


for  the  Hill  class  sensor  is  for  times  greater 
than  10  ns  from  the  zero  level  of  the  puke. 

c.  The  cube-mounted  H-Held  sensor  enhance¬ 
ment  factor  is  very  close  to  unity,  and  the 
previously  attributed  value  of  1 . 55  was  offset  by 
a  calculation  error  for  the  magnetic  field  in  the 
transmission  line  used  to  calibrate  the  original 
sensors.  Appendix  A  shows  that  the  effective 
width  of  the  SRI  transmission  line  caused  an 
increase  in  the  magnetic  Held  sensor  calibration 
factor  which  was  cancelled  out  by  the  applica¬ 
tion  of  the  supposed  enhancement  factor  of  a 
cube. 

d.  An  obvious  extension  of  this  work  is  to  use  the 
fiber-optic  coupled  H-field  sensor  in  a  free-field 
environment,  comparing  its  calibrated  output 
with  that  of  other  types  of  sensors. 
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APPENDIX  A 

APPENDIX  A.  —  EFFECT  OF  ERROR  ON  CALCULATION  OF  MAGNETIC  FIELD 
ON  SENSOR  ENHANCEMENT  FACTOR 


Here  we  will  attempt  to  show  that  the  effective 
width  of  the  Stanford  Research  Institute  (SRI) 
transmission  line  caused  an  increase  in  the  mag¬ 
netic  field  sensor  calibration  factor  which  was 
cancelled  out  by  the  application  of  the  supposed 
enhancement  factor  of  a  cube. 

The  original  equations  used  by  SRI  in  their 
transmission-line  Held  strength  calculations  are' 

V)  E  =  Vl/D  ,  (A-1) 

ED  Vl 

'  '  ZflW  ZoW  '  ' 

where 

E  ==  electric  field  (V/m)  , 

H  =  magnetic  field  (A/m)  , 

Vl  =  line  voltage  , 

D  =  line  height*  (0.356  m)  , 

W  =  line  width  (1.83  m)  , 
and 

Zg  =  characteristic  line  impedance  (50  ohms)  . 


and 


-  vXw  ■ 

(A-4) 

therefore. 

.20,  -  , 

(A-5) 

377  -  Z,  (b) 

(A-6) 

Since  the  SRI  transmission-line  impedance  (Zg) 
was  known  to  be  50  ohms,  the  effective  width-to- 
height  ratio  ^  ^ )  would  have  to  be  as  follows 
(Zg  =  50).'*^' 

II 

(A-7) 

1^)  =  7.54  . 

VdAjt 

(A-8) 

However,  the  width-to-height  ratio  obtained  from 
the  physical  dimensions  of  the  SRI  transmission 
line  is 


When  the  formula  for  the  electric  field  strength 
and  the  magnetic  field  stn  igth  are  substituted  in 
the  formula  for  the  characteristic  impedance  of  free 
space,  the  results  are  as  follows. 

Since 


I207r  E/H  (A.3) 

C.  Tupptr  ti  EMP  IrufmmtnUlien  Dntlopimnt,  Ettrmreh 

tfuUmit,  etntrwn  DAAK02-69^’0674  (Jum  1972),  43,  44. 

*SIU  tht  Ittttr  D  for  tino  hn$hti  tkU  rtport  h. 


/w\  1.83  m  , 

~  „  -  =  5.14 

\l>/phy  0.356  m 


(A-9) 


The  larger  effective  ratio  (7.54)  can  be  attributed  to 
the  hinging  fields  at  the  edge  of  the  SRI  line, 
causing  the  effective  width  (now  designated  as  W’) 
of  the  line  to  increase.  The  effect  this  would  have  on 
the  magnetic  field  strength  calculation  would  be 
the  following. 


Since,  from  equation  (A-2), 
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The  calculated  value  of  the  magnetic  field 
strength  would  therefore  be  1.47  times  higher  than 
the  actual  field  strength  (H');  hence,  the  derived 
ground  plane  calibration  factor '  would  be  high  by 
the  same  factor. 

A  correction  factor  (“enhancement  factor”)  was 
used  *  to  account  for  “field  perturbation”  caused  by 
the  cubical  metal  box  on  which  the  sensor  was 
mounted.  It  appears  that  its  effect  in  reality  was 
just  to  cancel  the  error  caused  by  the  miscalcula¬ 
tion  of  the  magnetic  field.  This  we  show  below.  To 
compute  the  calibration  factor  of  the  sensor  when 
mounted  in  a  ground  plane,  we  use  the  formula 
HA^  =  ^«H  “  ****  **^*®f*ve  length. 

However,  H  is  not  the  correct  value,  so  we  must 
substitute  from  equation  (A- 13),  yielding 

^  A  C.  Tupptr  fff  EMP  /w tmflwnMAofi  Dntlefmnt,  SHn^rd  Hmtvtk 
IruHtut*,  arnmet  DA4K0i^69‘C’0674  (Jum  1972),  4S. 


H  1.47 


which  was  to  be  shown. 

il^  _L 

where 


calibration  factor  for  the  sensor  mounted 
in  a  ground  plane. 
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